Acid-degradable particles containing a model protein antigen, ovalbumin, were prepared from a polyurethane with acetal moieties embedded throughout the polymer, and characterized by dynamic light scattering and transmission electron microscopy. The small molecule degradation byproduct of the particles was synthesized and tested in vitro for toxicity indicating an LC 50 of 12,500 µg/mL. A new liquid chromatography-mass spectrometry technique was developed to monitor the in vitro degradation of these particles. The degradation byproduct inside RAW macrophages was at its highest level after 24 h of culture and was efficiently exocytosed until it was no longer detectable after 4 days. When tested in vitro, these particles induced a substantial increase in the presentation of the immunodominant ovalbumin-derived peptide SIINFEKL in both macrophages and dendritic cells. In addition, vaccination with these particles generated a cytotoxic T-lymphocyte response that was superior to both free ovalbumin and particles made from an analogous but slower-degrading acid-labile polyurethane polymer. Overall, we present a fully degradable polymer system with nontoxic byproducts, which may find use in various biomedical applications including protein-based vaccines. . † These authors made equal contributions to this work.
Introduction
Prophylactic treatment of viral infections with attenuated viruses has been successfully employed for many diseases including polio, 1 smallpox, 2 and measles. 3 Attenuated viruses infect the host in a limited manner, resulting in the presentation of viral peptide fragments on major histocompatibility complex class I (MHC I) molecules. Presentation of antigens via the MHC I pathway leads to an effective CD8 + cytotoxic T-cell lymphocyte (CTL) response, resulting in protective immunity against certain viruses. 4 However, using attenuated or inactivated viruses as vaccine formulations is unacceptable for many diseases such as HIV or hepatitis C due to the safety risks inherent to the treatment. Recombinant viral proteins are an attractive alternative to attenuated viruses and have been used successfully to generate high antibody titers in the treatment of diseases such as hepatitis B. 5 The efficacy of recombinant protein-based vaccines is frequently limited due to their inability to deliver antigens directly to the MHC I presentation pathway, resulting in a limited CTL response.
Several methods have been developed to increase recombinant protein presentation via the MHC I pathway including genetically modifying bacterial toxins to possess CTL epitopes, 6 fusion of antigens with heat shock proteins, 7 and adsorbing proteins on the surface of iron oxide or polystyrene beads. 8, 9 Delivery of proteins in particles capable of being phagocytosed by antigen presenting cells represents a robust method of generating CTL responses against any recombinant protein. Expanding on earlier work done on conjugating proteins to insoluble carriers, we have developed acid-labile particles that encapsulate proteins in a cross-linked polyacrylamide-based hydrogel. [10] [11] [12] [13] Upon phagocytosis, these particles quickly degrade under the acidic conditions found in endo-and lysosomal compartments, resulting in the release of the encapsulated protein. We have found that MHC I presentation is dramatically increased with such aciddegradable particle systems when compared to free protein and nondegradable microgels. 14 Although our acid-labile polyacrylamide particles have been successful as a proof of concept system, biocompatibility issues with the high molecular weight polyacrylamide byproduct may necessitate the use of fully acid-degradable materials. Polymers that can break down completely into low molecular weight byproducts have a distinct advantage over our prior system since they should be easily cleared from the body once fully degraded. Several polymers of this type have previously been reported including poly( -amino) esters, 15-17 poly(ketal)s 18 and poly(acetal)s, 19 all of which degrade faster at the acidic pH of 5.0-6.0 than at physiological pH (7.4). However, the complete degradation of these polymers into small molecule products typically occurs on the order of several days to a few weeks, which may increase their toxicity. We recently generated a library of polyurethanes that possess dimethyl acetal moieties in the polymer backbone, which hydrolyze fully under acidic conditions to yield small molecule diols and acetone ( Figure  1A) . 20 Further exploring the utility of these acid-degradable materials, we made microparticles out of polymer 1 and evaluated their potential as carriers for protein-based vaccines. Herein we demonstrate that particles made from polymer 1 are more effective in generating an immune response compared to free protein and analogous particles prepared from a slower degrading polymer. Finally, to analyze the fate of intracellular degradation products ( Figure  1B ), a chromatographic technique was developed to study the localization of diol 2. Together, these studies demonstrate that particles made from polymer 1 are promising materials for vaccine applications due to their acid-sensitivity, ability to induce an antigen-specific CTL response in vivo, and innocuous degradation products.
Experimental Section
General Procedures and Materials. Reagents and materials were purchased from commercial sources and were used without further purification unless otherwise noted. 1 H NMR spectra were recorded at 400 MHz and 13 C spectra were recorded at 100 MHz. Chemical shifts (ppm) are reported relative to tetramethylsilane and coupling constants (6) sample to be analyzed by LC-MS at a fixed final concentration of 45.5 µg/mL. Polymers 1 and 3 as well as compounds 4 and 5 were prepared as described previously. 20 Diol 2 was prepared as follows. Bis(p-nitrophenyl carbonate) 4 (0.50 g, 1.2 mmol) was dissolved in CH 2 Cl 2 (20 mL) and cannulated into a solution of ethanolamine (0.45 mL, 7.4 mmol) in CH 2 Cl 2 (20 mL) at 0°C. The resulting solution was stirred and allowed to warm to rt over 6 h. The reaction mixture was concentrated, and the residue was purified by column chromatography eluting with 3% followed by 10% MeOH in CH 2 Cl 2 to yield diol 2 (214 mg, 69%) as a white solid. MP: 118-119°C. IR (cm Production of OVA-Loaded Microparticles. Aciddegradable microparticles were prepared using a double emulsion water/oil/water (w/o/w) evaporation method similar to that described by Bilati et al. 21 Briefly, ovalbumin (OVA, 10 mg) was dissolved in phosphate buffered saline (PBS, pH 7.4, 50 µL). Polymer 1 or 3 (200 mg) was dissolved in CH 2 Cl 2 (1 mL) and added to the OVA solution. This mixture was then emulsified by sonicating for 30 s on ice using a probe sonicator (Branson Sonifier 450) with an output setting of 3 and a duty cycle of 10%. This primary emulsion was added to an aqueous solution of poly(vinyl alcohol) (PVA, M W ) 13,000-23,000 g/mol, 87-89% hydrolyzed) (2 mL, 3% w/w in PBS) and sonicated for an additional 30 s on ice using the same settings. The resulting double emulsion was immediately poured into a second PVA solution (10 mL, 0.3% w/w in PBS) and stirred for 4 h allowing the organic solvent to evaporate. The particles were then washed five times using tangential flow filters (Spectrum Laboratories, USA) with a surface area of 11 cm 2 and a pore size of 0.05 µm. To stabilize the suspensions of the particles, a solution of sucrose in water (10% w/v) was added as a cryoprotectant. The particles were then frozen and lyophilized. articles Quantification of Encapsulated OVA. Particles containing OVA were suspended at a concentration of 2 mg/mL in an acetate buffer (0.3 M, pH 5.0) and incubated at 37°C under gentle agitation for 3 d using a Thermomixer R heating block (Eppendorf). After the particles had been fully degraded, the resulting solution was analyzed for protein content using the fluorescamine reagent and a microplate assay as described by Lorenzen et al. 22 Empty particles were degraded in a similar fashion and used to determine a background fluorescence level. The results were compared to a standard curve, and the mass of OVA encapsulated was calculated. The protein loading was found to be 2 ( 0.28%, and the loading efficiency was 40 ( 0.5%.
Transmission Electron Microscopy. An aqueous suspension of particles (10 µL, approximately 2 mg/mL) was deposited on a carbon coated copper grid and allowed to sit undisturbed for 3 min. The excess solution was blotted off and the grid allowed to air-dry. Specimens were observed on a FEI Technai 12 TEM equipped with a Gatan CCD camera using an accelerating voltage of 120 kV.
Particle Size Analysis by Dynamic Light Scattering. Particle size distributions and average particle diameters were determined by dynamic light scattering using a Nano ZS (Malvern Instruments, U.K.). Particles were suspended in dd-H 2 O (pH 8) at a concentration of 1 mg/mL, and three measurements were taken of the resulting dispersions. Results are presented as a volume distribution in Figure 2C .
Bone Marrow Derived Dendritic Cells. Bone marrow derived dendritic cells (BMDCs) were isolated in manner similar to a previously reported protocol. 23 Two to four month old female C57BL/6 mice (Jackson Laboratory) were sacrificed, and the femurs and tibias were isolated. The bone marrow was flushed out with PBS using a 25-gauge needle. The cells were passed through a cell strainer and cultured with DMEM medium supplemented with FBS (10% v/v), penicillin (100 units/mL), streptomycin (100 µg/mL), Lglutamine (2 mM, GIBCO/BRL), GM-CSF and IL-4 (both 5 ng/mL, Peprotech). After 6 days of culture in a 24-well plate seeded at 1 million cells/mL, the BMDCs were removed from the wells, immunoisolated using CD11c magnetic beads per the manufacturer's directions (Miltenyi Biotech) and transferred into a 96-well plate at 5 × 10 4 cells per well.
MHC are presented as the mean of triplicate cultures ( 95% confidence intervals. Immunization and CTL Assay. Immunization, in vitro stimulation and an in vitro CTL assay were based on previously described procedures. 26-28 On days -14 and -7, mice were immunized subcutaneously at the base of the tail with either PBS, 50 µg of OVA or particles containing an equivalent amount of protein made from polymer 1 or polymer 3. On day 0, spleens were harvested and mechanically disassociated and RBCs were lysed with RBC lysis buffer. 5 × 10 6 cells/mL from each spleen were cultured with 2.5 × 10 6 syngeneic spleen cells/mL pulsed with 5 µg/ mL SIINFEKL. After 5 days of stimulation, effector T-cells in varying concentrations were cocultured with 60,000 target cells (syngeneic spleen cells pulsed with 10 µg/mL SIIN-FEKL). Target cell death was determined by the release of lactate dehydrogenase using the CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega, USA) per the manufacturer's instructions. The results are presented as the mean of triplicate cultures ( 95% confidence intervals.
Toxicity of Compound 2. Compound 2 was incubated with 10,000 RAW macrophages for 24 h at various concentrations. After 24 h, compound 2 was removed, and the cells were washed twice with medium and incubated overnight. Cell viability was measured the following day using CellTiter 96AQ ueous One Solution Cell Proliferation Assay MTS (Promega, USA) per the manufacturer's instructions. The results are normalized to untreated cells and presented as the mean of triplicate cultures ( 95% confidence intervals.
Cellular Degradation of Acid-Labile Particles Analyzed by Liquid Chromatography-Mass Spectrometry. Particles prepared from polymer 1 were incubated at a concentration of 2 mg/mL in a 96-well plate with either RAW macrophages (40,000 cells/well) or cell culture medium. Untreated macrophages (incubated without particles) were cultured in parallel to serve as a negative control. After 2 days, the 96-well plate was removed from the incubator and immediately frozen. The cells were lysed by 5 freeze/thaw (alternating -80°C/rt) cycles. The lysed macrophage and medium samples were then centrifuged (12000g) at 4°C for 1 h to remove cellular debris and residual particles. The supernatant was removed and EtOH (35 mL, cooled to -80°C
, and with 1% triethylamine to avoid acid-catalyzed hydrolysis of acetal containing compounds) was added to precipitate proteins and nucleic acids. The resulting solutions were then centrifuged (15000g) at 4°C for 1 h. The supernatant was removed and concentrated using a rotary evaporator. The resulting residue was dissolved in PBS (1 mL), diluted 100-fold, and analyzed for the presence of diol 2 using LC-MS. Results are presented as the mean of triplicate measurements ( 95% confidence intervals.
Intracellular Degradation and Exocytosis of Compound 2 by Liquid Chromatography Mass Spectrometry.
Particles prepared from polymer 1 were incubated at a concentration of 2 mg/mL in a 96-well plate with RAW macrophages (60,000 cells/well). After 24 h, the cells were trypsinized, washed 3 times with PBS to remove any residual particles and plated in T-25 flasks. The macrophages were then cultured for 1, 2 or 4 days. Untreated macrophages (incubated without particles for 4 days) were cultured in parallel to serve as a negative control. After these time points, the medium was removed from the cells and centrifuged (12000g) at 4°C for 1 h to remove any residual particles and the supernatant frozen for further analysis. After removal of the medium, the cells were rinsed with PBS, dislodged from the T-25 flask using a cell scraper, washed twice with PBS and finally suspended in 1 mL of PBS. The cells were then lysed by 5 freeze/thaw (alternating -80°C/rt) cycles and centrifuged (12000g) at 4°C for 1 h to remove cellular debris and any residual particles. This supernatant as well as the samples prepared from the medium were then directly analyzed by LC-MS. Results are presented as the mean of triplicate measurements ( 95% confidence intervals.
Results and Discussion
Particle Formation and Characterization. We have previously reported the synthesis of a library of polyurethane polymers with tunable acid-sensitivity. 20 These step-growth polymers were prepared by reactions involving an acetalcontaining diamine monomer and a library of bis(p-nitrophenyl carbamate/carbonate) or diisocyanate monomers. The degradation half-life at pH 5.0 of microparticles prepared from this family of polyacetals was highly dependent on the hydrophobicity of the constituent polymer from which the particles were prepared. In general, we found that the hydrophilic polymers degraded significantly faster than their more hydrophobic counterparts. However, polymers that were too hydrophilic were incapable of generating particles via standard emulsion techniques. 21 In balancing degradability versus processability, we chose polymer 1 as a suitable material for protein-based vaccine applications due to its ability to form stable microparticles via a double emulsion procedure and a reasonably short protein release half-life (approximately 15 h at pH 5.0 and 37°C) from these particles.
Microparticles encapsulating a model antigen, OVA, were made by a standard double emulsion protocol. 21 After the final emulsification step and evaporation of the organic solvent, the particles were isolated using tangential flow filtration. 29 Prior to lyophilization of an aqueous suspension of the particles, a 10 wt % solution of sucrose was added as a cryprotectant to prevent particle aggregation. The OVA loading efficiency was found to be 25% and the particle recovery was 42% based on the masses of starting OVA and polymer 1, respectively. Microparticles prepared from polymer 1 were characterized by transmission electron microscopy (TEM) and dynamic light scattering (DLS). According to these data ( Figure  2A-C) , the particles were between 100 and 500 nm in size with an average diameter of 249 ( 5 nm. Particles of this size have been shown to be suitable for targeting DCs in vitro and in vivo, 30,31 however, there is still some debate in the literature over the optimal particle size for inducing class I peptide presentation. 8, 32 In Vitro Macrophage and Dendritic Cell MHC I Presentation of a Model Antigen. In order for a vaccine to generate an effective CTL immune response, antigen presenting cells (APCs) must efficiently present pathogenderived peptides on MHC I molecules to CD8 + T-cells. A useful in vitro method for quantifying T-cell presentation is the B3Z assay. 24 B3Z cells are a line of T-cells which have been transfected with the -galactosidase gene controlled by the nuclear factor of activated T-cells element of the human interleukin 2 enhancer. Due to the specificity of this assay, only upon engagement of APCs presenting SIINFEKL, the immunodominant peptide sequence of OVA on H-2K b , B3Z cells produce -galactosidase. The resulting -galactosidase activity, which correlates directly with SIINFEKL presentation, can be colorimetrically detected. We first evaluated free OVA and OVA-loaded particles prepared from polymer 1 for their ability to stimulate T-cells by incubating them with RAW macrophages. B3Z cells were then cocultured with the macrophages and the resulting presentation of SIINFEKL was measured ( Figure 3A ). Compared to free OVA, the use of particles made from polymer 1 led to a 28-fold increase in T-cell activation. Overall, particles prepared from polymer 1 dramatically increased the ability of macrophages to activate T-cells in vitro.
To further study in vitro T-cell activation, free OVA and OVA-loaded acid-degradable particles made from polymer 1 were tested in BMDCs in the same manner as with the macrophages above ( Figure 3B ). Particles made from polymer 3, which has a similar structure to polymer 1 ( Figure  4 ) but slower degradation kinetics at pH 5.0, were tested in parallel. Polymer 1 induced the best presentation of SIIN-FEKL, followed by polymer 3, and finally soluble OVA. This trend correlates well with the protein release half-lives of these two polymers, which have been previously reported. 20 The importance of pH-sensitivity in vaccine carriers in the context of efficient MHC I presentation has previously been examined in DCs. 33, 34 Our results further support findings that pH-sensitivity is an important factor in determining the extent of MHC I presentation in DCs.
Ex Vivo CTL Cytotoxicity Assay. Encouraged by the promising in vitro T-cell activation results, we next tested the ability of particles made from polymer 1 to evoke a CTL response in vivo. To this end, mice were vaccinated twice (day -14 and day -7) with 50 µg of OVA, or an equivalent amount of OVA encapsulated in polymer 1, or polymer 3 microparticles. On day 0, spleens were removed, stimulated in vitro for 5 days, and assayed for CTL activity ( Figure 5 ). Similar to our findings with the B3Z assay, polymer 1 particles induced the highest level of CTL activity. We found no statistically significant CTL response for OVA-loaded particles prepared from polymer 3. These data further suggest that the degradation half-life and protein release half-life of pH-sensitive materials is a critical parameter governing the generation of CTL responses in vivo. For future studies, we anticipate being able to increase in vivo CTL responses by vaccinating with more particles, using adjuvants, or by increasing the degradation kinetics by fine-tuning the structural features and hydrophobicity of the parent polymer. In Vitro Toxicity of Compound 2. Because polymer 1 has the novel property of degrading into acetone (a nontoxic metabolic intermediate) and small molecule 2, we synthesized (Scheme 1) and tested the toxicity of this compound in vitro ( Figure 6 ). Diol 2 was synthesized in one step through the reaction of an excess of ethanolamine with bis(pnitrophenyl carbonate) 4. Diol 6, which is identical to diol 2 except for the addition of a single methyl group, was also synthesized by a similar route to serve as an internal standard for LC-MS studies (see below).
To study the toxicity of diol 2, serial dilutions of this compound were incubated with macrophages for 24 h. After one day of rest, we tested the viability of the cells using an MTS assay and determined that the LC 50 of compound 2 in RAW macrophages was approximately 12,500 µg/mL. This value is similar to that reported by Claes et al. for the degradation products of FDA approved polymers such as poly(L,DL-lactide) (PLA) and poly(L-lactide-co-glycolide) (PLGA), which were not toxic up to 15,000 µg/mL. 35 However, unlike those of PLGA, the byproducts of polymer 1 should not lead to an acidic microenvironment. 36 Shenderova et al. measured the pH microenvironment of PLGA particles suspended in buffer to be 1.8. In some instances, this low pH may be unsuitable for cells, as well as the protein and drug payloads typically encapsulated in these particles. Therefore a possible advantage of polymer 1 over PLGA is that it should preserve a neutral microenvironment inside particles, which may be a beneficial feature for pH-sensitive cargoes.
LC-MS Detection of Compound 2 from in Vitro Degradation Experiments.
We have previously shown that polymer 1 hydrolyzes to yield compound 2 when incubated in pH 5.0 buffer for 3 days at 37°C. 20 Because they degrade into highly water soluble small molecules, the byproducts from polymer 1 should be easily eliminated from the body via renal filtration. 37 In addition, we have previously investigated the uptake and degradation of polymer 1 particles via confocal microscopy. These studies suggested that polymer 1 particles may be degraded by phagocytic cells. 20 However, to obtain direct evidence that polymer 1 particles are effectively degraded inside APCs, we needed to develop a method to detect the presence of compound 2 in cell culture. Hua et al. were able to detect the degradation products derived from PLGA in vivo by labeling the intact polymer with 125 I and measuring the distribution of the articles radioactive signal. 38 However, radiolabeling is a process that can significantly alter the properties of the native polymer and subsequently affect the biodistribution. In a method providing an alternative to radiolabeling, Yoo et al. were able to measure the degradation of PLGA in buffered solutions using HPLC. 39 Based on the retention times of lactic and glycolic acids, they were able to study the time dependent degradation of PLGA incubated at various pH values. However, this method is not suitable for our purposes due to contamination arising from proteins, nucleic acids, and a variety of small molecules (such as antibiotics and nutrients) present in cells and cell culture media.
To circumvent the issue of contamination in samples obtained from cells, we developed an LC-MS technique to study the degradation of particles made from polymer 1 in vitro. To detect the degradation product of polymer 1, we first synthesized diols 2 and 6 (see Scheme 1 and discussion above) and optimized a method to detect them using LC-MS. When analyzed as solutions in PBS and using neutral mobile phases (to minimize background hydrolysis of acetal-containing compounds present in subsequent samples), diols 2 and 6 were both ionized primarily as their sodium adducts and found to have similar retention times (Supporting Information Figure S1 ). In analogy to the work of Fent et al., 40 we developed a semiquantitative LC-MS technique for the detection of diol 2 wherein a fixed amount of compound 6 was spiked into each sample. After analysis, we extracted chromatograms of the intensity of masses corresponding to the sodium adducts (m/z ) [M + Na] + ) of 2 or 6 versus time. To normalize the data, the area under the curve of diol 2 was divided by the area under the curve of diol 6 for each sample. To test our method, serial 2-fold dilutions of compound 2 were spiked with 45.5 µg/mL of compound 6 (Supporting Information Figure S2 ) and analyzed by LC-MS. The correlation coefficient for the dependence of the normalized area of diol 2 on the concentration was found to be 0.99. Based on these data, this method was deemed suitable for analyzing the relative amounts of compound 2 in each sample.
After developing our LC-MS method, we next attempted to detect an increase in diol 2 when particles prepared from polymer 1 were cultured in the presence of RAW macrophages. In this experiment, polymer 1 particles were incubated with RAW macrophages at a concentration of 2 mg/mL. To account for background acetal hydrolysis at pH 7.4, particles were also incubated in cell culture medium under identical conditions. Macrophages cultured without particles served as a negative control. After 48 h the cells were lysed in the cell culture medium, and analyzed using LC-MS ( Figure  7A ). To increase the sensitivity of the assay, the cell lysate and supernatant were measured together. Using the LC-MS method described above, the extracted normalized area for compound 2 was 7-fold higher when particles were incubated with macrophages compared to particles incubated in medium alone ( Figure 7B ). These data suggest that the presence of phagocytic cells led to a greater degree of degradation of particles prepared from polymer 1 compared to the background hydrolysis of these acid-sensitive materials.
After confirming that we were able to detect diol 2 in a mixture of cell culture medium and cell lysate, we next wanted to explore the kinetics of removal (exocytosis) of compound 2 from macrophages pulsed with polymer 1 particles. For this experiment, RAW macrophages were cultured with particles at a concentration of 2 mg/mL. After 24 h, the cells were washed extensively to remove residual particles and cultured for an additional 0, 1, 2 or 4 days in fresh medium. After the additional culture time, the cells were separated from their medium. Samples prepared from the cell lysate or the collected medium were analyzed using LC-MS ( Figure 8A-C) , and the values from each group were normalized with respect to their respective maximum values. We found the highest concentration of diol 2 inside the cell on day 0. The amount of compound 2 on subsequent days continued to decrease, and by day 4 the concentration was near background levels. In contrast, the concentration Figure 7 . Detection of compound 2 in vitro. RAW macrophages were cultured with polymer 1 particles for 48 h. Polymer 1 particles incubated in medium and macrophages alone served as controls. (A) Representative extracted chromatograms for compound 2 of RAW macrophages incubated with particles (white), macrophages alone (black), or polymer 1 particles incubated in medium alone (gray). (B) Average areas calculated from the extracted chromatograms of compound 2 in each sample. For each sample, the area for compound 2 was divided by the area of an internal standard (compound 6) and normalized with respect to the maximum average area (macrophage and particle sample).
Acid-Degradable Polyacetal Microparticles articles VOL. 5, NO. 5 MOLECULAR PHARMACEUTICS 883 of compound 2 in the cell culture medium samples followed an opposite trend. Specifically, we found the lowest con-centration of diol 2 on day 0 with the highest concentration on day 4. Based on these findings, we conclude that once particles made from polymer 1 are internalized by macrophages, they are broken down and efficiently secreted. These findings make polymer 1 an exceptional candidate as a material for drug delivery applications due to its rapid clearance from the cell. Once exocytosed from the cell, the extremely water soluble compound 2 should be easily removed from the body via the renal system. Future experiments will explore the in vivo toxicity of compound 2 and whether this molecule is effectively cleared from the body. Furthermore, the LC-MS method developed in this paper could also be applied to study the degradation of other frequently used biodegradable polymers used in in vitro and in vivo applications.
Conclusions
We have shown that protein-loaded particles made from polymer 1 increase T-cell presentation in vitro, generate a CTL response in vivo and degrade into small innocuous byproducts. Together, these findings suggest that polymer 1 is a suitable material for vaccines and other in vivo therapeutic applications.
